ABSTRACT: We estimated the rate of oxygen consumption of larval Atlantic mackerel Scomber scombrus at 3 temperatures (13, 16, 19 "C) while controlling rigorously for methodological biases.
INTRODUCTION
It has been suggested that metabolic rates of animals at rest (standard metabolism) or of animals restrained to minimal activity (routine metabolism) increase with body weight (W) at a rate of about wo7' (Kleiber 1961 , Gould 1966 , Peters 1983 , Schmidt-Nielsen 1984 . This empirical 'allometric law' is often used in conjunction with other allometric relationships to study the physiological ecology of terrestrial and aquatic animals. It is also used to estimate food requirements of growing animals using balanced energy budget equations. In fish studies, the most commonly observed value for the metabolic exponent is 0.8 (Winberg 1956 , Fry 1957 , Schmidt-Nielsen 1984 . Exponents near unity have been reported however for larval fish (Holliday et al. 1964 , Laurence 1973 , 1978 , Cetta & Capuzzo 1982 , Houde & Schekter 1983 , Quantz & Tandler 1984 . Unfortunately, estimates of the metabolic exponent published for larval fish range widely (0.65 to 1.69), including values expected if metabolic rates vary in direct proportion to body weight, in which case the relationship is termed isometric (the metabolic exponent is l ) , and values expected if metabolic rates do not increase in proportion to body weight. In the latter case the relationship is termed allometric and the metabolic exponent is either greater or less than 1. Since statistical and methodological biases are common and confounded among studies (see 'Methods'), it is difficult to draw a firm conclusion as to whether the relationship between metabolic rates and body weight is isometric or allometric in larval fish.
Here we establish the relationship between meta-O Inter-Research/Printed in F. R. Germany bolic rates and body weight for larvae of mackerel Scomber scombrus, while controlling rigorously for methodological biases. Comparison of our results with those of other studies (correcting for statistical bias) leads us to postulate that metabolic rates scale isometrically in larval fishes.
MATERIALS
All experiments were carried out during the 3 yr period from 1984 to 1987. Adult Scomber scombrus were caught in the region of Shippagan, New Brunswick (Canada), using drift nets set down to 10 or 15 m. Eggs extruded from 2 females were put on a sieve and fertilized using milt from 2 males. The eggs were then washed and put in a clean bucket of sea water. Penicillin and streptomycin were added at a concentration of 1 mg 1-' and 5 mg 1-' respectively. Three or 4 buckets were prepared before returning to the laboratory. Eggs were then transferred to 40 1 circular fibreglass containers (Hughes et al. 1974 ) while keeping temperature differences within 1 Co. A small amount of unfiltered sea water was continuously supplied to the containers. Temperature increased gradually from about 14 "C in early June to 19 "C in mid-July. It declined again to 17 "C in August.
The rotifer Brachionus plicatilis was cultured according to Reguera (1984) and Lubzens (1987) . Rotifers were introduced into the rearing tanks at an average density of 5 ind. ml-l for the first 5 d after larval hatching, except in 1987 when we used natural prey instead. Subsequently, larvae were fed with natural prey col-lected with conical plankton nets (mesh size = 80 or 150 pm) towed from a boat with outboard motors. Nauplii and copepods were presented at concentrations of about 3 and 1 ind. ml-' respectively. The most abundant copepods by number were: Oithona sp., Temora longicornis and Pseudocalanus m.inutus. Species of Eurytemora, Acartia, and Calanus were present but rare. Attempts to match larval and prey sizes according to data in Hunter & Kimbrell (1980) and CBte (unpubl.) were made by increasing the size range of prey offered to the larvae as they grew. Prey length varied between 0.08 and 0.50 mm. Samples of prey were taken in the rearing tanks at least 5 times daily and density was adjusted accordingly.
METHODS

Statistical methods.
The allometric equation, Y = aWb, describing the relationship between metabolic rate (Y) and weight (W) of organisms, is usually adjusted to data by linear regression of a log-transformed X-variate on a log-transformed y-variate {In (Y) = In (a) + b In (W)). Glass (1969) noted that the way in which the error term in the y-variate enters the equation is of critical importance. When the error term is additive instead of multiplicative (as is the case following logarithmic transformation), metabolic rate measurements made on smaller individuals will be given greater weight than measurements made on larger individuals. Estimates of b will therefore be biased. The bias is greater as the range of the X-variate increases and as the scatter of the data points is large. If the data spread of the X-variate is uneven (Peters 1983) or if the unit of the logarithmic transformation lies outside the range of the X-variate, additional bias will arise (Donhoffer 1986) .
In metabolic studies, a further source of bias arises from the fact that the X-variate is also subject to error. Hence functional rather than predictive regression must be fitted to the data series (Ricker 1973 ). This distinction is frequently overlooked. Misuse of predictive regressions can lead to erroneous conclusions, as demonstrated by k c k e r (1973) and Laws & Archie (1981) in the case of metabohc rate measurements of adult fish.
We attempted to lessen some of these problems in our study by talung the following precautions: (1) We used a natural logarithm because i.ts base lies within the range of values of the X-variate. (2) We excluded larvae weighing more than 4.6 mg dry wt to obtain an even spread of the independent variable. Six data points ranging up to 10.8 mg dry wt were eliminated in this fashion. (3) We used polarographic techniques because their accuracy reduces the error on the yvariate (Table 1) . (4) Metabolic and dry weight measurements were made on individual larvae to reduce the error on the X-vanate. (5) Larvae were not preserved before dry weight measurements were made. Many studies preserve organisms in formaldehyde prior to dry weight determination although dry weight losses due to chemical preservation are size dependent (Hay 1984, Giguere et al. in press) ; this would increase the error on the X-variate. (6) We used functional regressions instead of predictive regressions ( h c k e r 1973). Finally, (7) we validated the parameter estimates obtained using the linear method by comparing them to estimates obtained using a non-linear iterative technique (Glass 1969 , Mittertreiner & Schnute 1985 , Theilacker 1987 .
Note that in the following text, the slope of the regression equation (log-transformed data) is referred to as the metabolic exponent and that the coefficient (the anti-log of the y-intercept) is referred to as the metabolic coefficient, in reference to their respective roles in the power function expression of the allometric equation Y = aWb.
Respirometry. Precautions were taken to avoid bacterial contamination. Sea water was filtered with a 0.2 pm Gelman capsule, and glass chambers were sterilized in an autoclave prior to each experiment (Luer lock type glass syringes, Laughlin et al. 1979 ). The use of plexiglasT" was avoided because it is porous. This material which is used frequently to build respirometer chambers allows gas exchange. Since the exchange rate will depend upon wall thickness and upon oxygen concentrations on either side of it, and since these concentrations change over time during rate of oxygen consumption measurements, PlexiglasTM chambers should not be used.
All fish used for metabolic rate determinations had empty guts. Since time to empty the gut takes between 5 and l 0 h in larval Atlantic mackerel depending on temperature and body size (Giguere unpubl.) , a minimum starvation period of 11 h was adopted to ensure that metabolic rates had reached stable values after feeding. Consequently, the night before an experiment, 24 fish were collected and transferred to foodless glass containers kept in a temperature controlled water bath at 13, 16 or 19 'C (ir 0.1 CO). Eleven to 18 h later (depending on temperature, larval body size), larvae were introduced into respirometer chambers after dipping them in filtered seawater to avoid introducing large volumes of water from the holding containers which may have been contaminated by food and fecal materials. One glass bead was also introduced into each 30 or 50 m1 chamber (depending on the size of a larva). At the same time 2 or 3 chambers were prepared as controls by adding 1 glass bead and 2 or 3 drops of water from the overnight holding contain-ers. Each chamber was topped with filtered sea water and gas bubbles were expelled by inserting the piston to the first volumetric marking. A rubber plug was inserted onto the tip of the needle to prevent gas exchanges and the chamber was put back into the temperature controlled water bath. Overall, this operation took less than 5 min. Light intensity in the water bath was about 5 ~Einsteins m-2 S-'. Larvae were allowed at least 90 min to acclimate to these new conditions. To verify whether fish were still under stress following transfer to the respirometer chambers, we compared the rate of oxygen consumption among the first 3 samples at the beginning of an experiment. Assuming that fish did not have sufficient time to acclimate to their new conditions, differences in rate of oxygen consumption would be expected between samples. Based on paired t-tests, no significant bfferences were observed in any of the experiments (p > 0.08,0.15 and 0.34, at 13, 16 and 19 "C respectively).
Aliquot samples for O2 measurement were obtained as follows. A chamber was removed from the temperature controlled water bath and its contents mixed by rolling the glass bead up and down the barrel 8 to 10 times. The rubber plug was replaced by a 90 p1 glass capillary tube. The piston was then used to flush at least 1 m1 of seawater through the tube. Oxygen concentration of the sample in the capillary tube was determined immediately using a blood gas analyzer (International Laboratory Model 1302, polarographic oxygen electrode). The electrode was calibrated automatically at 20 min intervals. Aliquots were taken from each chamber at intervals varying from 45 to 180 min. The time interval was such that 4 or 5 aliquots could be obtained before the partial pressure of oxygen in the chamber dropped below 50 % saturation. This depended on the experimental temperature and the size of the larva. Within these constraints, there was no effect of O2 saturation on rate of oxygen consumption for our data (analysis of covariance, p > 0.25).
Rate of oxygen consumption, given as p1 h-' ind.-' was obtained as follows: First, we corrected the raw data for barometric pressure according to the formula of Laughlin et al. (1979) . Second, we corrected chamber volume for seawater displaced by the glass bead, the larva, and the sea water removed with each aliquot sample. Third, we corrected for the temperature of the polarographic electrode (25 k 0.1 C"; see HedleyWhyte et al. 1965 ) using the calibration method described in Carritt & Carpenter (1966) . Fourth, when control chambers showed a small change in oxygen pressure (a rare event), we applied a proportional correction.
All larvae which were sluggish or dead were eliminated from the analysis. Fresh dry weights were obtained after rinsing larvae with a few m1 of distilled water. Larvae were dried in a n oven at 60 "C until they reached a stable weight (usually 24 to 48 h). Weighing was to the nearest yg (Cahn electrobalance Model 27). Larval length ranged from 4 to 20 mm.
RESULTS
The relationship between routine metabolic rates (RMR) and body weight of larvae of Atlantic mackerel Scomber scornbrus (log-transformed data) is shown in Fig. 1 for 3 experimental temperatures tested (13, 16, 19 "C). All 3 regressions were highly significant @ < < 0.01). The equivalent power functions of the relationships between RMR (d h-' ind.-') and W are:
13 "C RMR = 1.468, WO r2 = 0.94 n = 36 (1) 16 "C RMR -1.720. W'-O0 r2 = 0.95 n = 53 (2) 19 "C RMR = 1.826. WO." r2 = 0.98 n = 21 (3) To include the effect of temperature (T) on the metabolic coefficients in a generalized equation relating metabolic rates to body weight of a lama, a multiple regression technique similar to that of Peters (1983) and Ikeda (1985) 
The 95 % confidence intervals of the metabolic exponents are 0.956 and 1.044, and hence overlap the isometric value '1'. Using, as suggested by Glass (1969) , a non-linear iterative curve fitting technique (Mittertreiner & Schnute 1985) to derive the parameter estimates yielded very similar results:
RMR (p1 h-' ind.-l) = 2.658 W0.984 e" 04' 'T (5)
The 95 O/O confidence intervals of the metabolic coefficient are, in the latter case, 0.940 and 1.024. This overlaps the estimate obtained using the linear regression procedure, and again the isometric value '1'. We conclude from this that metabolic rates increase in direct proportion to body weight in larval Scomber scombrus.
On the other hand the metabolic coefficients in Equations (4) and (5) differ significantly among the 2 estimation methods (F-test, p < 0.01). Although the difference is small, this suggests that our estimate using the linear regression method is somewhat biased in spite of our precautions (see 'Statistical methods').
We also computed the Q 10, an index which indicates the effect of a 10 C" increase on metabolic rates (Pros- (4) and ( 5 ) , RMR increased by a factor of 1.7 and 1.6 for a 10 C" increase in temperature respectively (e.g. Q10 = eo.058 10 = 1.7). This result is in line with values obtained for standard metabolic rates of fish in general (Peters 1983) . Finally, w e compared RMR of fed (see equation below) and unfed larvae (Equation 2) at 16 "C. We note that feeding has (1) no significant effect on the metabolic exponent (analysis of covariance, p > 0.25), (2) a significant effect on the metabolic coefficients (p < 0.01). We conclude from this result that fed larvae consume oxygen at 2.68 times the rate of unfed larvae. The relationship between RMR (p1 h-' ind.-') and W for fed larvae is: weight (W). The power function of the relationship between RMR and W scale as W'.'', i.e. the scaling is isometric since the exponent is 1. Hence metabolic rates vary in direct proportion to the body weight of larvae. Results published for other species range from 0.65 to 1.69 (Table 1 ). The mean of those tabled is 0.97 (Standard error = 0.039, sample size = 29). Because the distribution of values is skewed, the geometric mean represents a better measure of central tendency. It is 0.95. These values could be erroneous however, because methodological biases are common and confounded among experiments. We tried to sort out potential biases by regressing the metabolic exponents given in Table 1 on the following: volume of respiration chamber, temperature, sample size, maximum number of fish in a chamber, maximum density 16 "C RMR = 4.608 W'.'' r2 = 0.95 n = 8 (6) of fish in a chamber, weight of smallest larva, and
DISCUSSION
weight of largest larva. Also included in the regression were dummy variables to take into consideration differences in techniques: measurement method (0 = manometric, 1 = polarographic oxygen electrode or Do routine metabolic rates scale isometrically in Winkler) and preservation method (0 = none, 1 = larval fishes? formaldehyde or freezing). None of these factors were statistically significant (p 1 0.25) except preservation We determined routine metabolic rates (RMR) in method (p 5 0.05). The results indicate that chemical larval Scornber scornbrus, paying particular attention preservation of specimens prior to dry weight determito the scaling of metabolic rates with respect to body nation lowers the metabolic exponent by about 0.14. Hay's (1984) findings for larval herring of similar size. We corrected the metabolic exponents in Table 1 by adding 0.14 in all cases where larvae were preserved prior to dry weight determination. This yielded a revised mean metabolic exponent of 1.02 (Standard error = 0.038, sample size = 29) for all studies cited in Table 1 ; the geometric mean is 1.00 Data from fresh water species are scanty, but in a well-studied representative, the carp Cyprinus carpio, isometric relationships between metabolic rates and weight have been reported. The metabolic exponent of the power function relating body weight and RMR in the larval stage is 0.95 according to Winberg & Khartova (1953) , and 0.97 according to Kamler (1976) . Values ranging from 0.76 to 0.85 have been reported for juveniles weighing more than l g (Winberg 1956 , Kaush 1968 , Melnichuk 1969 , Kamler 1976 ). Do standard metabolic rates scale isometrically i n larval fishes?
Whereas routine metabolic rates scale isometrically with respect to body weight in larval fishes, standard metabolic rates (SMR) could scale differently if the metabolic exponent is affected by spontaneous activity. Brett (1964) estimated metabolic exponents for juvenile sockeye salmon Oncorhynchus nerka exhibiting 0, 25, 50, 75 and 100 O/ O of maximum activity. They were 0.78, 0.85, 0.88, 0.92, and 0.97 respectively. Since it is held that the metabolic rate of a fully active individual is about 10 times SMR (Brett 1964 , Peters 1983 , SchmidtNielsen 1984 , and that of individuals exhibiting routlne levels of activity is only about 2 or 3 times SMR (Ware 1975) , routine activity is not likely to raise metabolic exponents significantly. In other words, w e expect SMR and RMR to scale in similar fashion.
Implications
In larval fishes, routine metabolic rates scale isometrically, that is they increase in direct proportion to body weight (W'.") whereas in juveniles and adult fish, they scale according to the WO.' allometnc law (Peters 1983) . This suggests that, as one organism passes from one life-history stage to the next, the metabolic exponent decreases as the overall body size of the organism increases. Such a relationship has been observed interspecifically (Zeuthen 1953 ) and intra-specifically (in marine cephalopods, Johansen et al. 1982) .
Since metabolic rates and body size vary isometrically in larval fish, this implies that to meet metabolic costs, an animal twice the size of another one must ingest twice as much food. Conversely, when larvae are starved, weight losses will be directly proportional to body weight. Using the W'' law to study the energetics of fish larvae would clearly result in metabolic costs being inadequately assessed.
